Northern elephant seals are naturally adapted to prolonged periods (1-2months) of absolute food and water deprivation (fasting). In terrestrial mammals, food deprivation stimulates ATP degradation and decreases ATP synthesis, resulting in the accumulation of purines (ATP degradation byproducts). Hypoxanthine-guanine phosphoribosyl transferase (HGPRT) salvages ATP by recycling the purine degradation products derived from xanthine oxidase (XO) metabolism, which also promotes oxidant production. The contributions of HGPRT to purine recycling during prolonged food deprivation in marine mammals are not well defined. In the present study we cloned and characterized the complete and partial cDNA sequences that encode for HGPRT and xanthine oxidoreductase (XOR) in northern elephant seals. We also measured XO protein expression and circulating activity, along with xanthine and hypoxanthine plasma content in fasting northern elephant seal pups. Blood, adipose and muscle tissue samples were collected from animals after 1, 3, 5 and 7weeks of their natural post-weaning fast. The complete HGPRT and partial XOR cDNA sequences are 771 and 345bp long and encode proteins of 218 and 115 amino acids, respectively, with conserved domains important for their function and regulation. XOR mRNA and XO protein expression increased 3-fold and 1.7-fold with fasting, respectively, whereas HGPRT mRNA (4-fold) and protein (2-fold) expression increased after 7weeks in adipose tissue and muscle. Plasma xanthine (3-fold) and hypoxanthine (2.5-fold) levels, and XO (1.7-to 20-fold) and HGPRT (1.5-to 1.7-fold) activities increased during the last 2weeks of fasting. Results suggest that prolonged fasting in elephant seal pups is associated with increased capacity to recycle purines, which may contribute to ameliorating oxidant production and enhancing the supply of ATP, both of which would be beneficial during prolonged food deprivation and appear to be adaptive in this species.
INTRODUCTION
Northern elephant seals, Mirounga angustirostris (Gill 1866) , are naturally exposed to prolonged periods of absolute food and water deprivation (fasting) while breeding, molting or weaning (Le Boeuf et al., 1972; Ortiz et al., 1978) . In humans, rats and mice, prolonged fasting increases oxidant production, oxidative damage and inflammation (Crescimanno et al., 1989; Di Simplicio et al., 1997; Grattagliano et al., 2000; Kondoh et al., 2003; Mårtensson, 1986; Sorensen et al., 2006; Souza Rocha et al., 2008; Wu et al., 2004) . In elephant seals, prolonged fasting does not induce oxidative damage or inflammation despite promoting the chronic activation of the renin-angiotensin system (RAS) and increasing circulating cortisol, NADPH oxidase activity, Nox4 protein expression and insulin resistance (Ortiz et al., 2000; Ortiz et al., 2002; Vázquez-Medina et al., 2010; Viscarra et al., 2011a; Viscarra et al., 2011b) .
The purines adenine and guanine are essential components of nucleic acids, high-energy phosphates and signaling molecules such as cyclic adenosine monophosphate and cyclic guanosine monophosphate (Elson, 1965; Verma and Eckstein, 1998) . Dietary ingestion of purines contributes to the maintenance of the body pool whereas de novo synthesis of purines from non-purine precursors requires energy (Raivio et al., 2001 ). Therefore, under normal physiological conditions, intermediates of purine degradation are efficiently reutilized through purine salvage pathways (Raivio et al., 2001) . Conditions characterized by increased ATP degradation and/or decreased ATP synthesis (e.g. starvation, tissue hypoxia or strenuous exercise) overload the purine catabolic pathway accumulating degradation products (Becker, 2001) . Xanthine oxidoreductase (XOR) catalyzes the last two steps of purine degradation, the oxidation of hypoxanthine (HX) and xanthine to uric acid (Bray, 1975; Hille and Nishino, 1995; Vorbach et al., 2003) . XOR exists predominantly as xanthine dehydrogenase (XDH), but under certain conditions (e.g. tissue ischemia), XDH is converted to xanthine oxidase (XO), which transfers electrons to molecular oxygenproducing oxidants such as superoxide (O 2 •- ) and mainly hydrogen peroxide (H 2 O 2 ) and potentially increasing oxidative stress (McCord, 1985; Parks et al., 1983) .
Hypoxanthine-guanine phosphoribosyl transferase (HGPRT) catalyzes a salvage pathway in which HX is converted to inosine monophosphate and, ultimately, to ATP (Cherin et al., 2006; Krenitsky et al., 1969) . The need for purine salvage is most evident after circumstances that increase nucleotide degradation, such as starvation/food deprivation or chronic sleep apnea, both of which constitute natural components of the life history of the elephant seal. Under such conditions, ATP hydrolysis may exceed ATP synthesis, compromising the energy status of the tissues and increasing the accumulation of HX and xanthine (Brault and Terjung, 2001 ; Decking et al., 1997; Deussen et al., 1993; Hellsten-Westing et al., 1993) . Formation of these metabolites represents a loss from the adenosine nucleotide pool and prevents de novo synthesis of ATP. A decrease in the intracellular process of purine salvage is associated with an increase in the biochemical reduction of HX by XOR (Becker, 2001; Raivio et al., 2001; Stone and Simmonds, 1991) . Along with being exposed to prolonged fasting while on land, seals are also exposed to ischemia during breath-holding while diving and sleeping (Castellini et al., 1994; Elsner, 1999; Meir et al., 2009; Stockard et al., 2007) . Seal tissues accumulate HX after ex vivo exposure to ischemia (Elsner et al., 1998) . Seal heart and kidney, however, produce less HX than pig tissues, suggesting that seals have a greater capacity to conserve or salvage purines (Elsner et al., 1995; Elsner et al., 1998) . The potential participation of purine recycling as a mechanism to conserve energy and avoid oxidant production during fasting in seals has yet to be investigated. In the present study, full-length and partial HGPRT and XOR cDNA sequences were obtained. Also, HGPRT and XOR mRNA and protein expression was quantified in adipose tissue and muscle from fasting elephant seals, along with the plasma levels of HX and xanthine and the plasma activities of HGPRT and XO. We hypothesized that prolonged fasting upregulates XOR and HGPRT in a tissue-specific manner, and increases plasma HX, xanthine, XO and HGPRT activities in postweaned northern elephant seals. The northern elephant seal is able to withstand long periods of prolonged fasting without deleterious consequences, making it an interesting model to understand the molecular and physiological mechanisms that allow adapted mammals to tolerate this potentially pathological condition.
MATERIALS AND METHODS
All methods were reviewed and approved by the Institutional Animal Care and Use Committees of the University of California, Merced, and Sonoma State University. All work was realized under the National Marine Fisheries Service marine mammal permit no. 87-1743.
Animal handling and sample collection
Twenty-eight elephant seal pups of known age were sampled at Año Nuevo State Reserve (30km north of Santa Cruz, CA, USA), seven at a time, at four periods during their natural post-weaning fast (1, 3, 5 and 7weeks post-weaned). Pups were initially sedated with 1mgkg -1 tiletamine hydrochloride and zolazepam hydrochloride (telazol; Fort Dodge Animal Health, Fort Dodge, IA, USA). Once immobilized, a 16gauge, 3.5inch spinal needle was inserted into the extradural vein. Sedation was maintained with 100mg bolus intravenous injections of ketamine (Fort Dodge Animal Health) as needed. Blood samples were collected into EDTA-treated collection tubes containing 10lml -1 protease inhibitor cocktail and 0.005% butylated hydroxytoluene (Sigma, St Louis, MO, USA) and centrifuged on site for 15min at 3000g before plasma was aliquoted into separate cryovials. Adipose tissue and muscle biopsies (20-40mg) were collected from a small region in the flank of the animal near the hind flipper, as described previously (Vázquez-Medina et al., 2010; Vázquez-Medina et al., 2011a) . Plasma and tissue samples were frozen by immersion in liquid nitrogen immediately after collection and stored at -80°C until analyzed.
HGPRT and XOR cloning
The complete HGPRT and partial XOR sequences were obtained using primers designed based on homolog mammalian nucleotide sequences using Primer3 software (http://frodo.wi.mit.edu) (Rozen and Skaletsky, 2000) (Table1). The first PCR fragments of HGPRT and XOR were obtained using the following conditions. For a 30l final volume reaction, 25l of Platinum PCR SuperMix (Invitrogen, Carlsbad, CA, USA), 3l of cDNA and 1l (20moll -1 ) of each primer (for HGPRT, HGPRTF1 + HGPRTR1 and for XO, XOFw1 + XORv2) were mixed and subjected to the following conditions: 75°C for 5min for one cycle; 94°C for 3min for one cycle; 40 cycles of 94°C for 30s, 58°C for 40s and 68°C for 1min; and an overextension step of 68°C for 7min. Negative controls in which the template (cDNA) was omitted from PCR reactions were run concurrently. The PCR products were analyzed by electrophoresis on 1% agarose gels stained with SYBR Safe (Invitrogen) and visualized with ultraviolet light. PCR fragments of ~200 and ~345bp were obtained, sequenced and identified as HGPRT (esealHGPRT) and XOR (esealXOR), respectively, by comparing them with GenBank data using the BLAST algorithm (Altschul et al., 1990) .
The 5Ј and 3Ј ends of HGPRT were obtained using primers designed based on their respective untranslated regions (UTRs) and internal regions of each homolog nucleotide sequence of HGPRT. In contrast, the UTRs for XOR were not obtained using primers designed based on esealXOR sequence and homolog nucleotide sequences of human Homo sapiens (GenBank accession no. NM_000379), domestic dog Canis lupus familiaris (XM_540143) and giant panda Ailuropoda melanoleuca (XM_002927017), probably due to the large size of the XOR gene (~5.7kb). The HGPRTF3 + HGPRTR1 and HGPRTF1 + HGPRTR3 primers were used to obtain the 5Ј and 3Ј ends, respectively. The PCR reactions consisted of 20l of Platinum PCR SuperMix (Invitrogen), 3L of cDNA and 1l (20moll -1 ) of each primer (for a final reaction volume of 25l). This volume was mixed and subjected to the following conditions: 94°C for 3min for 1 cycle; 40 cycles of 94°C for 30s, 55°C for 40s and 68°C for 2min; and an overextension step of 68°C for 7min. PCR products of 500bp (for the 5Ј end, esealHGPRT5Ј) and 300bp (for the 3Ј end, esealHGPRT3Ј) were obtained, cloned on pGEM-T Easy Vector System (Promega, San Luis Obispo, CA, USA) and sequenced. The full-length cDNA sequence for HGPRT (esealHGPRT, 771bp) was obtained by overlapping esealHGPRT, esealHGPRT5Ј and esealHGPRT3Ј. The predicted HGPRT and XOR amino acid sequence was obtained using a translation web site (http://arbl.cvmbs.colostate.edu/ molkit/translate/), aligned with other HGPRT and XOR using Clustal W (Thompson et al., 1994 ) and compared with protein databases using BLAST (Altschul et al., 1990) .
HGPRT and XOR mRNA expression
Total RNA was isolated individually from frozen adipose tissue and muscle samples using TRIzol reagent (Invitrogen) following the Table1. Primers used to obtain the cDNA sequences of hypoxanthine-guanine phosphoribosyl transferase (HGPRT) and xanthine oxidoreductase (XOR) manufacturer's instructions. RNA integrity was confirmed by measuring the absorbance at 260nm/280nm and by 1% agorose gel electrophoresis (Sambrook and Russell, 2001) . Genomic DNA in total RNA was eliminated by digestion using recombinant DNase I (Roche, Indianapolis, IN, USA), as specified by the manufacturer. Separate cDNAs from each tissue were synthesized from total DNAfree RNA (1g) using the QuantiTect Reverse Transcription kit (Qiagen, Valencia, CA, USA) and oligo-dT (0.5g). Specific primers for HGPRT and XOR were designed based on esealHGPRT and esealXOR sequences. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal standard to normalize HGPRT and XOR expression data. HGPRT, XO and GAPDH mRNA was measured by quantitative RT-PCR (qRT-PCR) using the HGPRTF2 + HGPRTR, XOFw2 + XORv1 and GAPDHFw + GAPDHRv primers, respectively. Two PCR reactions for each available tissue sample were run for qRT-PCR on an 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA) in a final volume of 20l containing 10l of SYBR Green PCR Master Mix (Applied Biosystems), 6l of H 2 O, 0.5l of each primer (20moll -1 ) and 3l of cDNA (equivalent to 150ng of total RNA). After an initial denaturing step at 94°C for 5min, amplifications were performed for 40 cycles at 94°C for 30s, 60°C for 35s and a final step of 55s at 72°C, with a single fluorescence measurement and a final melting curve program decreasing 0.3°C each 20s from 95 to 60°C. Positive and negative controls were included. Standard curves of HGPRT, XOR and GAPDH were run to determine the efficiency of amplification using dilutions from 5ϫ10 -4 to 5ϫ10 -8 ngl -1 of PCR fragment. For each measurement, expression levels (ngl -1 ) were normalized to GAPDH and expressed as the ratio of HGPRT or XOR to GAPDH.
Plasma measurements
Plasma XO activity, xanthine and HX concentrations were measured using an Amplex ® Red assay kit (Molecular Probes, Eugene, OR, USA). Plasma HGPRT activity was measured using a PRECICE ® HPRT assay kit (NovoCIB SAS, Lyon, France).
HGPRT and XO protein expression
Cytosolic protein fractions were prepared from frozen adipose and muscle tissues using the NE-PER cytoplasmic protein extraction kit (Pierce, Rockford, IL, USA). Total protein content was measured using the Bio-Rad Bradford protein assay (Bio-Rad Laboratories, Hercules, CA, USA). Twenty micrograms of protein were mixed with Laemmli sample buffer, boiled and resolved in 4-15% TrisHCl gradient gels. Proteins were electroblotted onto 0.45m nitrocellulose membranes using the Trans-Blot Turbo transfer system (Bio-Rad Laboratories). Membranes were blocked 1h at room temperature and incubated overnight with primary antibodies against HGPRT and XO (Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted 1:1000 and 1:100, respectively. Membranes were washed, incubated with HRP-conjugated secondary antibodies (Santa Cruz Biotechnology) diluted 1:5000, re-washed and developed with the Immun-Star™ WesternC™ kit (Bio-Rad Laboratories). Blots were visualized using a Chemi-Doc XRS system (Bio-Rad Laboratories) and quantified by using Bio-Rad's Quantity One software. Percent change from 1week was calculated after band densities were normalized against GAPDH.
Statistics
Differences across the fast were detected by one-way ANOVA with Bonferroni post hoc tests. Means (±s.e.m.) were considered statistically different at P<0.05. Statistical analyses were performed using STATISTICA 8 software (StatSoft Inc., Tulsa, OK, USA).
RESULTS

HGPRT and XO coding sequences from the northern elephant seal
The complete HGPRT (esealHGPRT; GeneBank accession no. JN820130) and partial XOR (esealXOR; GeneBank accession no. JN820131) coding sequences for M. angustirostris were obtained from muscle cDNA (Fig.1) . The esealHGPRT sequence is 771bp long with a 654bp open reading frame and encodes a predicted protein of 218 amino acids and a calculated molecular weight of 24.4kDa (Fig.1A,B) . The partial esealXOR is 345bp and encodes a predicted protein fragment of 115 amino acids (Fig.1C,D) . The translated esealHGPRT sequence shows high identity to HGPRT from the dog (99%; NP_001003357), humans (97%, NP_000185) and giant panda (94%, EFB15658). The translated esealXOR shows high identity to XOR from the giant panda (97%, EFB16086), the African elephant Loxodonta africana (96%, XP_003416107), humans (95%, AAA75287) and the mouse Mus musculus (92%, NP_035853). The predicted esealHGPRT protein shows only 2, 7 and 12 differences with the dog, human and giant panda HGPRT amino acid sequences, respectively (Fig.1B) ) were found in esealHGPRT (Fig.1B ), whereas the domain essential for the binding of NAD and FAD ( 56 GGGFGGKETRST 67 ) was found in esealXOR (Fig.1D ).
HGPRT and XOR mRNA expression is tissue-specific and influenced by fasting
HGPRT and XOR mRNA expression levels were measured in adipose tissue and muscle from elephant seal pups to determine tissue-specific expression and the effects of fasting. HGPRT transcripts increased (P<0.05) 4-fold in adipose tissue (Fig.2A) and muscle ( Fig.2B ) after 7weeks of fasting but did not change after 3 or 5weeks compared with week 1. XOR transcripts increased (P<0.05) 3-fold in adipose tissue after 7weeks of fasting but did not change after 3 or 5weeks compared with week 1 (Fig.2C) . In contrast, XOR transcripts decreased (P<0.05) 4-fold and 22-fold in muscle after 3 and 5weeks of fasting, respectively, and increased to basal levels after 7weeks (Fig.2D ).
Fasting increases HGPRT and XO protein expression
HGPRT and XO protein expression was measured in adipose tissue and muscle to assess the tissue-specific relationships between changes in transcript and protein levels in response to fasting. Protein expression of HGPRT increased (P<0.05) approximately 2-fold in both adipose tissue (193±14%) and muscle (204±21%) after 7weeks of fasting, without any changes after 3 (80±14% and 113±15%, respectively) or 5weeks (88±18 and 84±11%, respectively; Fig.3A,B) . Adipose XO protein expression increased 74% (174±28%) after 7weeks of fasting (P<0.03; Fig.3C ), and muscle XO expression increased 55% (155±7%) and 97% (197±36%) after 3 and 7weeks, respectively (P<0.03; Fig.3D ).
Purine metabolism increases with fasting
The circulating content of the ATP degradation products -xanthine and HX -was measured to determine the effects of prolonged fasting on purine conservation and recycling and to translate the physiological relevance of the observed changes in transcript and protein expression of HGPRT and XO (Fig.4) . Plasma HX content decreased 1.6-fold after 3weeks (3.1±0.3moll -1
; P<0.05) and increased 2.5-fold after 5 (13.0±1.0moll -1 ) and 7weeks (13.0±2.0moll ; P<0.05), and increased 3-fold and 2.8-fold after 5 (204±23moll -1 ) and 7weeks (191±33moll -1 ), respectively, compared with week 1 (68±12moll -1 ; P<0.02; Fig.4B ).
Activities of plasma HGPRT and XO were measured to assess the relationship between the changes in transcript and protein expression in tissues with plasma activities during fasting. Plasma HGPRT and XO activities increased (P<0.05) at each week across the fasting over the 7week measurement period (Fig.4C,D) . cortisol, non-esterified fatty acids and promoting insulin resistance (Ortiz et al., 2000; Ortiz et al., 2001; Ortiz et al., 2003; Ortiz et al., 2006; Vázquez-Medina et al., 2010; Viscarra et al., 2011a; Viscarra et al., 2011b) . Unfortunately, the molecular and physiological mechanisms adopted by seals to cope with prolonged fasting are not fully elucidated. In the present study, the full-length and partial cDNA sequences of HGPRT and XO from the northern elephant seal were identified and characterized. The amino acid sequences of both proteins are nearly identical (>92% homology) to other mammalian homologs and contain conserved functional and regulatory domains, suggesting that their function and regulation are similar to those in terrestrial mammals. Moreover, HGPRT and XO mRNA and protein expression are upregulated in a tissuespecific manner during fasting, associated with parallel increases in plasma HGPRT and XO activities, and circulating HX and J. G. Soñanez-Organis and others xanthine content, suggesting that: (1) increased expression of these proteins translates into increased enzymatic activity and thus, plasma HGPRT and XO activities may serve as surrogate measures for their tissue levels, and (2) increased purine recycling is an adaptive strategy to cope with prolonged fasting in post-weaned northern elephant seals. The increase in XOR mRNA in adipose tissue at 7weeks and the decrease in muscle at 3 and 5weeks demonstrate that fasting is associated with tissue-specific changes in XOR gene expression. Moreover, the tissue-specific expression of XOR mRNA indicates the ability of these animals to base their purine metabolism through the changes on XOR gene expression during fasting. Posttranscriptional mechanisms that regulate gene expression in eukaryotes are well known and include the control of splicing, mRNA stability, localization and translation. Therefore, the lack of a correlation between the decrease of XOR mRNA after 3 and 5weeks of fasting and the increase of XO protein expression at 5 and 7weeks in muscle, but not in adipose tissue, suggests posttranscriptional modifications or changes in transcript stability in muscle. Several studies have demonstrated tissue-specific distribution and regulation of XOR enzyme activity, protein and mRNA in humans (Bruder et al., 1984; Cook et al., 1997; HellstenWesting et al., 1993; Linder et al., 1999; Moriwaki et al., 1993; Sarnesto et al., 1996) . Hypoxia has been reported as the main transcriptional and post-translational regulator of XOR in several animal models. Putative binding sites for the oxygen-regulated transcription factors NF-Y, NF-B, AP-1 and HIF-1 have been identified in the promoter for the human XOR gene (Hoidal et al., 1997; Xu et al., 1996) . Interferon-g is also a potent upregulator of XOR mRNA and activity in rat lung endothelium, in part because of increased transcription XOR (Dupont et al., 1992) . In mouse fibroblast and human bronchial epithelial cells, XOR activity is transcriptionally induced by intracellular iron but post-translationally inactivated by iron chelation (Martelin et al., 2002) . Also, angiotensin II (Ang II) induces XO activation in cultured endothelial cells (Landmesser et al., 2007) . Plasma Ang II and other RAS components increase with fasting in elephant seals (Ortiz et al., 2006; Ortiz et al., 2001) , suggesting that the increases in XO protein expression and plasma XO activity may be induced by increased Ang II. The observed increases in xanthine and HX in fasting pups are also consistent with those demonstrated in fasted Arabian camels (Camelus dromedaries) (Mohamed, 2006; Mura et al., 1986) , hibernating mammals (Kennaway, 1911; Mura et al., 1986) , rats (Gross et al., 1988) , buffalo (Bubalis bubalis) and llamas (Lama glama and L. guanaco) (Bakker et al., 1996) . During food deprivation and hypoxic conditions in mammals, ATP degradation is increased, purine catabolism is overloaded and degradation products are accumulated (Becker, 2001; Raivio et al., 2001; Stone and Simmonds, 1991) . During the post-weaning fast, fatty acid oxidation is the primary source of energy, contributing to as much as 95% of the elephant seal's metabolic rate (Adams and Costa, 1993; Castellini et al., 1987; Ortiz et al., 1978) , whereas glucose and protein catabolism contribute 10% at most (Keith, 1984; Pernia et al., 1980) . Protein catabolism also decreases with fasting progression (Adams and Costa, 1993; Houser and Costa, 2001; Pernia et al., 1980) while blood glucose levels remain high (Costa and Ortiz, 1982; Ortiz et al., 2003) , likely via a mechanism involving the Cori cycle (Champagne et al., 2005) . Decreased purine synthesis has been demonstrated during amino acid starvation in human lymphoblasts (Boss and Erbe, 1982; Bowen et al., 1987) . Dietary ingestion and de novo synthesis of purines contribute to maintain the body pool stimulating, ATP synthesis. Because the energetic cost of synthesizing a purine nucleotide de novo is six times higher (in ATP equivalents) than that of recycling an intact purine ring, cells have efficient mechanisms for the salvage of degraded purines (Becker, 2001; Raivio et al., 2001; Stone and Simmonds, 1991) . Plasma uric acid, the end-product of purine metabolism, has previously been reported to remain relatively low and unchanged throughout the fast in weaned pups (Costa and Ortiz, 1982; Adams and Costa, 1993) , providing further evidence that purine recycling is increased. The observed increase in HGPRT mRNA, protein and activity along with the increased levels of plasma xanthine and HX suggest that purine recycling enhances the supply of ATP to match the energetic demands, allowing pups to sustain metabolism throughout the duration of the post-weaning fast.
The progression of fasting in elephant seals is also characterized by the increase in number and duration of sleep apneas (breathholding episodes) that normally last between 8 and 12min and constitute 80% of the seals' time on land (Blackwell and Le Boeuf, 1993; Castellini et al., 1988; Castellini et al., 1994) . In addition, the post-weaning fast is associated with dramatic increases in time spent submerged in nearshore waters. By week seven, pups spend an average of 12h per day in the water, exhibiting submergences similar in duration to the terrestrial apneas while swimming (Thorson and Le Boeuf, 1994) . Cardiovascular adjustments during apnea in seals result in ischemia to peripheral tissues, which can induce tissue hypoxia (Ponganis et al., 2006; Ponganis et al., 2008; Stockard et al., 2007) . The increase in the number and duration of sleep apneas is associated with an increase in antioxidants (Vázquez-Medina et al., 2010; Vázquez-Medina et al., 2011b) over the course of the post-weaning fast. Furthermore, it was recently demonstrated that plasma XO activity, HX and xanthine content increase in elephant seal pups in response to rest-and voluntary submersion-associated apneas (Vázquez-Medina et al., 2011c) . Therefore, fasting and sleep apnea may stimulate ATP degradation, increasing intracellular and circulating oxidant production, potentially modulated by increased purine salvage/recycling pathways (Elsner et al., 1998; ZentenoSavín et al., 2002) .
In summary, the results demonstrate that prolonged fasting upregulates XOR gene expression in a tissue-specific manner and increases purine catabolism in elephant seal pups. The increase in HGPRT mRNA and protein expression in adipose tissue and muscle along with the increase in plasma HGPRT activity during prolonged fasting suggests that fasting seals possess a high capacity for purine salvage/recycling and that the increase in purine recycling contributes to ATP supply and the amelioration of oxidant production. The timing of the events observed in late fasting (week 7) may also be associated with an increase in number and duration of sleep apneas. Thus, increased HGPRT-mediated purine recycling and increased antioxidant enzyme activities and protein content (Vazquez-Medina et al., 2011a; Vazquez-Medina et al., 2011b) provide two of the principal cellular mechanisms that elephant seals have evolved to tolerate potentially deleterious consequences of their naturally adapted behaviors, such as prolonged fasting and sleepinduced apnea. 
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